Chordomas are slow-growing yet locally aggressive primary bone tumors of the axial skeleton. They are believed to arise from the neoplastic transformation of notochordal remnant tissues accounting for the distribution of tumors along the midline axis. 1 The most common sites of involvement are the sacrum, skull base, and the remaining mobile 
spine. 2 For this reason, patients with chordomas are treated by a variety of different subspecialists depending on the location of the tumor. [3] [4] [5] [6] [7] Because chordomas are locally invasive with metastatic potential, a complete en bloc surgical resection is clinically indicated to prevent or delay tumor recurrence. However, efforts to remove the entire tumor are often hampered by proximity to critical neurovascular structures of the skull base and the spine, leaving most patients with residual disease. Since effective medical therapy for chordoma is lacking, patients left with incomplete surgical resection require high-dose irradiation due to radioresistance of chordoma cells, 2, [8] [9] [10] [11] increasing risk of injury to nearby normal tissue and contributing to morbidity. 12 As such, there is a critical unmet need to identify strategies to improve the effectiveness of irradiation in patients with chordoma while minimizing treatment-associated toxicity. 13 Protein phosphatase 2A (PP2A) is a ubiquitous serine/ threonine phosphatase with multifunctional roles in diverse physiologic processes and many pathological conditions, including cancer. 14 PP2A mediates the DNA damage response, 15 therefore the inhibition of PP2A catalytic activity sensitizes cancer cells to DNA damaging effects of ionizing radiation in part by altering homologous recombination repair capacity. 16 Based on these previous studies of the PP2A role in DNA repair, and in concert with the observation that cancer cells exhibit altered DNA repair functions, we hypothesized that the combination of PP2A inhibition and irradiation may have complementary antitumor activity. LB100, a hydrophilic small-molecule derivative of cantharadin, is a potent inhibitor of PP2A. This compound was developed by Lixte Biotechnology through a cooperative research and development agreement based on our previous work. [17] [18] [19] A recently completed phase I study confirmed the feasibility of safe administration of LB100 in solid tumors. 20 Preclinical studies in a pancreatic cancer model suggest LB100 sensitizes cells to irradiation by interfering with DNA homologous recombination repair capacity. 16 Chordomas are radioresistant in part due to extensive tissue hypoxia. [21] [22] [23] [24] Poor tissue oxygenation demands delivery of high-dose irradiation associated with increased toxicity, to achieve adequate antitumor response. Strategies that can enhance the effectiveness of radiation may offset the need to administer potentially toxic doses to sensitive tissues. In this study, we investigated the radiation sensitizing potential of LB100 in chordoma.
Methods
Chemicals, Cell Lines, and Radiation Treatment LB100 was provided by Lixte Biotechnology Holdings. The chemical structure of LB100 is shown in Fig. 1 . LB100 was reconstituted in 0.1 N monosodium glutamate, pH 10.5 (pH was adjusted with NaOH), and stored at −80°C. The 3 patient-derived chordoma cell lines used in this study-U-CH1, UM-Chor1, and JHC7-were obtained from the Chordoma Foundation. Cells were maintained in Iscove's modification of Dulbecco's medium (IMDM) and Roswell Park Memorial Institute (RPMI) 1640 medium (4:1), supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and nonessential amino acids.
Cell Proliferation Analysis
Cell proliferation was determined with a 2,-3-bis(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT) assay as indicated by the manufacturer's instruction. U-CH1, UM-Chor1, and JHC7 cell lines were seeded in 96-well plates at 5 × 10 4 cells/well. After 24 h incubation, cells were treated with various doses (0-20 μM) of LB100 and incubated for 24, 48, and 72 hours. Activated-XTT solution was prepared by the manufacturer's protocol and the cells incubated for 4 hours. Cell proliferation was calculated using the background-corrected absorbance as follows: Cell proliferation = [A λ sample well / A λ control well) / DMSO treated control].
Cell Cycle Analysis
U-CH1 cells were seeded at 2 × 10 5 cells/well in a 6-well dish. The following day, cells were treated with 4 μM LB100 or vehicle control (DMSO) for 4 hours before receiving sham or 2 Gy irradiation. After overnight incubation, cells were pulsed for 4 hours with 10 μM 5-ethynyl-2′-deoxyuridine (EdU) and evaluated by flow cytometry. EdU uptake was detected with a Click-iT Plus EdU Alexa Fluor 647 Flow Cytometry Assay Kit (Thermo Fisher Scientific, C10424) per the manufacturer's protocol. DNA was stained with FxCycle violet stain (Thermo Fisher Scientific, F10347). Data were acquired on a BD LSRFortessa X50 flow cytometer and analyzed using FlowJo v9.9.4.
Importance of the study
Chordomas present challenges to the treating physician. First, because they are rare, even those caring for patients with cancers are often unfamiliar with this bone malignancy. Second, the location of the tumor along the spine, from the skull base down to the sacrum requires advanced surgical expertise. Third, the relative radioresistance of chordoma cells demands administration of high-dose irradiation to sensitive regions. For these reasons, many patients with chordoma seek care at tertiary centers staffed with experienced multidisciplinary teams. However, the biggest challenge associated with providing optimal care for these patients is lack of effective therapy; current treatments simply do not work adequately. In this study, we present in vitro and in vivo evidence that PP2A inhibition augments the therapeutic effects of irradiation. Because the safety of LB100 has been established (as a single agent), it can be immediately tested for clinical response in combination with irradiation in chordoma patients. 
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Immunofluorescent Cytochemical Staining for γ-H2AX
Cells were grown in chamber slides and exposed to LB100 (4 μM) for 4 hours prior to administration of 2 Gy or sham radiation. Cells were fixed with 2% paraformaldehyde, washed with phosphate buffered saline (PBS), permeabilized with 1% Triton X-100, washed again with PBS, and blocked with 1% bovine serum albumin (BSA). Mouse anti-γ-H2AX antibody (Millipore) was added at 1:500 and incubated overnight at 4°C. Cells were washed with 1% BSA, and goat anti-mouse-fluorescein isothiocyanate antibody (Jackson ImmunoResearch) was added at 1:100 and incubated for 1 hour at room temperature. Nuclei were counterstained with 4′,6′-diamidino-2-phenylindole (Sigma). Coverslips were mounted with Vecta Shield antifade solution (Vector Labs) and slides examined on a Leica DMRXA fluorescent microscope (Leica Microsystems). γ-H2AX foci were quantitated in 50 cells per condition.
Raman Imaging Microscopy
Raman imaging microscopy was used to confirm DNA damage. Raman is a spectroscopic technique that measures the energy difference between the incident photons from a laser and the inelastic scattered photons collected at a detector. This difference is the energy required for different types of vibrations of the molecule. The vibration frequencies depend on the symmetry of the molecule, masses of atoms, distance between atoms, bond angle, and strength. The use of Raman via the Raman imaging microscope allows focusing of the laser through the microscope and the collection of Raman spectra for each pixel. Subsequent movement of the stage permits the acquisition of spectra in a new position. This approach provides a chemical and biochemical mapping of the entire cell in the culture medium. Due to its comprehensive chemical analysis, Raman spectra of DNA contain multiple peaks from allowed vibration frequencies that have been previously assigned to T, C G, A, single-strand DNA, double-strand DNA, backbone, or DNA attached to nanoparticles. Samples used for Raman were transferred into 35 mm sterile glass bottom dishes (Ibidi) and cultured for 24 hours. Raman spectra were acquired using a DXR 2xi Raman microscope (Thermo Fisher Scientific) with 24 mW of 780 nm laser through a 60x water immersed confocal objective, at 0.5 s exposure time for a 1 μm pixel size, between 50 and 3200 cm −1 spectral region. Spectra were collected and subsequently background corrected using the Raman silent region. Chemical maps were produced by the peak area function between 1085 and 1100 cm −1 using Thermo Fisher Scientific OMNIC software.
Wound Healing Assay
Seeded onto 12-well plates were 2 × 10 5 U-CH1 and UM-Chor1 cells. Once cells reached 100% confluence, "wounds" were created by scraping "#" lines with a 200 μL pipette tip, and then cells were washed 3 times in serumfree medium. Cells were exposed to medium, LB100 (4 μM), 2 Gy irradiation, or LB100 (4 μM) for 4 hours prior to administration of 2 Gy. The "wounds" were observed every 24 hours and photographed using an EVOS Cell Imaging System (EVOS XL Core Cell Imaging System, Thermo Fisher Scientific). Eight images were taken per well at each time point using a 10x objective. The distances between the 2 edges of the scratch (wound width) were measured at 3 sites for each image using ImageJ software. The migratory distances were calculated by subtracting the wound width at each time point from the wound width at the time zero point. To complete the experiment, cells were washed 2 times in PBS, fixed for 10 min with methanol, and stained using 0.2% crystal violet for 20 min.
Invasion Assay
Chordoma cell invasive capacity was assessed using Corning BioCoat Matrigel Invasion Chambers with BD Matrigel Matrix (Thermo Fisher Scientific) as previously described. 22 Pre-coated membranes (8 μm pore size, Matrigel 100 μg/cm 2 ) were rehydrated and seeded with 3 × 10 5 cells in 2 mL of IMDM/RPMI (4:1) with or without LB100 in triplicates into the upper part of each transwell. Cells were irradiated (2 Gy) 4 hours after treatment with LB100. The lower compartment was filled with 2.5 mL of IMDM/RPMI (4:1) supplemented with 0.1% BSA. After incubation for 96 hours at 37°C, non-invaded cells on the upper surface of the membrane were wiped with a cotton swab. Migrated cells on the lower surface of the filter were fixed with 70% ethanol for 2 minutes and stained with crystal violet (0.5%) for 15 minutes. Invasive activity was determined by counting cells in 4 microscopic fields per well, and the extent of invasion was expressed as an average number of cells per microscopic field.
Western Blotting
Immunoblotting was performed as previously described. 25 Proteins were extracted by CellLytic M (Sigma-Aldrich) cell lysis buffer supplemented with protease inhibitor cocktail and phosphatase inhibitors. Protein quantification was measured by the Pierce BCA protein assay kit (Thermo Fisher Scientific). The protein bands were detected by conventional protocols for western blotting. Proteins were detected by using specific primary antibodies against γ-H2AX (Millipore) and glyceraldehyde 3-phosphate dehydrogenase (Santa Cruz Biotechnology), and subsequently with the appropriate horseradish peroxidase-conjugated secondary antibodies (Cell Signaling Technology).
Subcutaneous Xenograft Model
All animal studies were conducted in accordance with the principles and procedures outlined in the National Institutes of Health (NIH) Guide for the Care and Use of Animals and approved by the Animal Care and Use Committee of the NIH. Six-week-old female NSG mice (NOD.Cg-Prkdc scid Il2rg tm1WjI /SzJ; Charles River) were used for the in vivo studies. U-CH1 cells (8 × 10 6 in 100 µL of Hanks' Balanced Salt Solution) were subcutaneously injected into the right thigh. Xenografted tumors were measured twice a week
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from the first day of treatment and volumes were calculated using the formula: TV = (width) 2 × (length)/2. When tumors reached ≈130 mm 3 , animals were randomized into 5 groups: untreated controls, LB100 (1 mg/kg), radiation (5 Gy), and combination LB100 and radiation (3 or 5 Gy). Each group was composed of 8 animals. LB100 was delivered by intraperitoneal injections at a dose of 1 mg/kg, twice a day for 3 days. Radiation treatments were given on 2 consecutive days. Endpoints were (i) the diameter of tumor reaching 2 cm and (ii) development of ulcerations. Survival analysis was performed by plotting the Kaplan-Meier curves. The log-rank test was used to compare the groups.
Irradiation of Animals
Animals were restrained in a custom jig that was developed and used extensively in the Radiation Oncology Branch and the Radiation Biology Branch of the NIH and placed in an orthovoltage radiotherapy unit maintained at the NIH. The mice were restrained in the custom leg jig for no more than 7 minutes. The rest of the mouse, except the leg, was covered with lead shielding. Previous studies have demonstrated this procedure to be of minimal stress to the animals, as the process is painless, odorless, and brief; therefore, no anesthetics were given. Irradiation was delivered using the Pantek radiation machine located in the NIH Animal Facility. Irradiation treatment was performed in an Xrad 320 irradiator (Precision X-ray) at a dose rate of 256.1 cGy/min. Delivered dose was verified by thermoluminescent dosimeter. Animals were observed during irradiation for any signs of discomfort. Animals that were unable to consume food or water or exhibited signs of illness were immediately euthanized.
Statistical Analysis
In vitro studies were subject to 3 independent experiments. Data are presented as mean ± SD. An ordinary one-way ANOVA test was used for comparison between more than 2 groups. P ≤ 0.05 was considered statistically significant. Values stated within text and figures represent mean ± SD. Statistics were performed on results from at least 2 independent replicates.
Results
LB100 Enhances Radiation-Mediated Attenuation of Chordoma Cell Proliferation
To determine the sensitivity of chordoma cells to the PP2A inhibitor, LB100, three human chordoma cell lines were used: U-CH1, UM-Chor1, and JHC7. In vitro cell proliferation was assessed in response to LB100 treatment in dose-and time-dependent manners (Fig. 1A-C) . LB100 as a single agent demonstrated a moderate and heterogeneous effect on cell proliferation at clinically achievable concentrations (up to 4-5 µM). U-CH1 and UM-Chor1 cells were more resistant than JHC7 and did not show significant decreases in proliferation until treatment at 10 µM (Fig. 1A-C) . However, LB100 in combination with radiation treatment significantly reduced U-CH1 cell numbers compared with vehicle control or LB100 or radiation treatment alone (Fig. 1E) . These data suggest that a clinical achievable dose of LB100 is effective when combined with radiation in the treatment of chordoma.
LB100 Treatment Increases G 2 /M-Phase Arrest
PP2A can influence multiple stages of the cell cycle, from G 1 /S transition to cytokinesis. 26 To determine whether PP2A inhibition alters cell cycle in chordoma cells, EdU incorporation assays were performed in U-CH1 cells treated with LB100, radiation, or the combination. EdU uptake was assessed 24 hours following radiation to prevent cell loss due to treatment-related cytotoxicity. LB100, radiation, and the combination each led to a significant reduction of cells in S phase compared with vehicle control 24 hours following radiation treatment. Interestingly, cells treated with LB100 or LB100 with radiation had a significantly increased population of cells in the G 2 /M phase compared with control and radiation-only groups ( Fig. 1F-H) . The G 0 /G 1 phase was not significantly altered by any treatment (Fig. 1I) .
Together, these data demonstrate that the PP2A inhibitor LB100 increases the proportion of cells in the radiationsensitive G 2 /M phase of the cell cycle.
LB100 Sensitizes Chordoma Cells to RadiationInduced DNA Damage Through γ-H2AX Activation
To evaluate for a potential radiation sensitizing effect of LB100, we screened U-CH1 and UM-Chor1 cells. To determine the effect of LB100 treatment on DNA damage and repair, γ-H2AX expression level was measured by immunofluorescence and immunoblot in 2 chordoma cell lines at 24 hours ( Fig. 2A-C) . It was previously reported that in the absence of DNA damage, cells at G 2 /M phase can demonstrate elevated γ-H2AX levels, a phenomenon referred to as mitotic H2AX phosphorylation. [27] [28] [29] Consistent with these reports, LB100 alone increased expression and foci of γ-H2AX as it drove cells to G 2 /M phase ( Fig. 2A-C) . Radiation alone also increased expression and foci of γ-H2AX ( Fig. 2A-C; Supplementary  Figure S1 ). Though we did not observe significant change in γ-H2AX expression levels between the LB100 alone group and the combination of LB100 plus radiation, cells treated with the combination of LB100 and radiation showed the highest γ-H2AX level for foci formation compared with the control group, the LB100 alone group, and the radiation alone group.
To better understand these observations, we evaluated nuclear DNA damage using Raman imaging microscopy and transmission electron microscopy. Raman imaging microscopy was used to measure the intensity and location of the intact DNA backbone, which has a vibration at 1095 cm −1 . Since the Raman signal is proportional to the concentration of the chemical species, by fragmenting the DNA backbone or interfering with its chemical structure, it is expected that the intensity of the intact peak at 
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1095 cm −1 will decrease or disappear. Raman imaging microscopy was used to demonstrate the relative effect of LB100 and radiation on the intensity and location of the DNA backbone in live chordoma cells. For simplicity, only the peak at 1095 cm −1 assigned to the O-P-O stretching of the DNA backbone was mapped. [30] [31] [32] [33] Irradiation of chordoma cells led to a decrease in the integrity of the DNA backbone (Fig. 2D, image 3 ) compared with control and LB100 alone (Fig. 2D, images 1 and 2) , and this effect was further enhanced by the addition of LB100 (Fig. 2D,  image 4 ). Chordoma cells from these 4 groups were further probed by transmission electron microscopy. The cells treated with the combination of LB100 and irradiation revealed significant nuclear fragmentation (Fig. 2E) . Taken together, these results suggest that LB100 treatment enhances sensitivity of chordoma cells to radiationinduced damage.
The Effect of LB100 on Chordoma Cell Migration and Invasion
Tumor cell mobility plays a critical role in invasion and metastasis. Chordoma cells are highly invasive. Therefore, we investigated the effect of LB100 on cell motility. Serial images of the tumor cells were collected every 24 hours after inducing a wound injury. Representative images at 144 hours following treatment showed that exposure to LB100 attenuates cell motility (Fig. 3A and B) . The time required for cells to migrate into the gap was significantly longer for cells treated with LB100 compared with radiation or vehicle control. Cell motility was further assessed with an in vitro invasion model. Cells exposed to LB100 with or without radiation exhibited decreased invasive capacity ( Fig. 3C and D) . Notably, in U-CH1 cells which are resistant to LB100 treatment, the combination of LB100 plus radiation decreased invasion compared with LB100 alone (Fig. 3D) .
LB100 in Combination with Irradiation Delays In Vivo Tumor Growth
To determine the potential clinical utility of LB100, mice bearing U-CH1 subcutaneous xenograft tumors were randomized into 5 groups: (i) vehicle, (ii) LB100 (1 mg/kg), (iii) radiation (5 Gy), (iv) combination of LB100 (1 mg/kg) and irradiation (3 Gy), (v) combination of LB100 (1 mg/kg) and irradiation (5 Gy). Tumor volumes were significantly smaller in animals treated with the combination of LB100 and irradiation compared with other groups (control group P = 0.028, LB100 group P = 0.0014, 5 Gy radiation group P = 0.0273) (Fig. 4A-C) . Tumors were further analyzed by immunohistochemistry for Ki-67 and assay by terminal deoxynucleotidyl transferase deoxyuridine triphosphate nick end labeling (TUNEL) (Supplementary Figure S3) . Ki-67 labeling was found to be decreased for the tumors exposed to LB100 and irradiation. TUNEL assay revealed increased staining in the combination arm, indicative of apoptosis. Interestingly, consistent with mitotic arrest, tumors treated with the combination of LB100 and irradiation demonstrated the presence of multinucleated cells.
Discussion
Therapeutic options for patients with chordoma are limited. Since complete tumor resection is seldom achieved, external beam radiation therapy remains the standard of care, as effective medical therapies do not yet exist. However, because chordomas are radioresistant, high doses of ionizing radiation must be delivered to areas that border delicate neurovascular structures. Two main strategies are utilized to permit delivery of high-dose radiation to chordoma: (i) intensity-modulated radiation therapy and stereotactic radiosurgery, which better delineate borders of treatment to minimize toxicity to non-neoplastic tissues, and (ii) particle beam, such as proton, therapy, which concentrates intratumoral radiant energy. However, concurrent administration of a radiosensitizer would further enhance the effectiveness of these advanced technologies.
As a single agent, LB100 had a modest anti-proliferative effect. However, when LB100 was given in combination with irradiation, we observed a marked inhibition of chordoma proliferation. To define a potential mechanism for the observed radiosensitizing property of LB100, we investigated the cell cycle state of chordoma cells and found that either as a single treatment or in combination with radiation, a greater proportion of chordoma cells were found to be in the G 2 /M phase of the cell cycle, a state most sensitive to the damaging effects of irradiation. Given this observation and published reports that PP2A participates in the DNA repair process, we searched for a candidate mechanism and found that the addition of LB100 to irradiation potentiated DNA double-strand breaks. This was evaluated by the presence of γ-H2AX, a product of rapid phosphorylation of histone H2AX at serine 139 which serves as a sensitive marker for DNA double-strand breaks induced by ionizing radiation or other genotoxic agents. 34 Because cells in the G 2 /M phase of the cell cycle can demonstrate elevated expression of γ-H2AX in the absence of DNA damage, we used Raman spectroscopic imaging to confirm that cells treated with LB100 alone had similar concentrations of intact backbone DNA to control cells. This technique further corroborated the results of γ-H2AX experiments revealing that the combination of LB100 and irradiation contributed to the greatest amount of DNA damage. Ultrastructural analysis with electron microscopy revealed extensive nuclear fragmentation in cells exposed to the combination of LB100 and irradiation, further verifying DNA damaging effects of the combination treatment. These observations suggest that by interfering with the homologous recombination repair process, LB100 promotes persistent genomic damage. Although irradiation is delivered for antitumor effect, exposure of tumor cells to ionizing radiation may occasionally promote cancer growth and invasion. [35] [36] [37] This may be particularly relevant for chordoma, since this is a disease characterized by infiltration of tumor cells into surrounding structures that often precludes complete surgical resection. However, we observed that chordoma cells treated with LB100 demonstrated attenuation of migration as well as invasion. Lastly, the antitumor activity of LB100 in combination with irradiation was confirmed in an in vivo xenograft model.
The preclinical data presented here suggest that LB100 is capable of enhancing the therapeutic effects of irradiation in chordoma. Although LB100 as a single agent and in combination with cytotoxic chemotherapy was well tolerated in a recently completed phase I study, the safety profile in combination with irradiation has yet to be established. 20 Preclinical work performed with a pancreatic cancer model indicates that LB100 may selectively target tumor cells. 
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Exposure of normal intestinal cells to clinically achievable concentrations of LB100 failed to produce radiosensitization. 16 This observation is consistent with our experimental data demonstrating LB100-induced radiosensitization is dependent on cell cycle state; nondividing cells may not be adversely affected. While additional studies to further characterize and confirm LB100-induced radiosensitization on dividing and nondividing cells is needed, this study offers a potential strategy to improve the antitumor effect of irradiation in chordoma.
Supplementary Material
Supplementary material is available at Neuro-Oncology online. To evaluate the benefit of combination treatment in vivo, mice bearing U-CH1 subcutaneous xenografts were randomized into 5 groups: vehicle control; LB100 (1 mg/kg); irradiation (5 Gy); combination LB100 (1 mg/kg) and irradiation (3 Gy); and combination LB100 (1 mg/kg) and irradiation (5 Gy). Treatment schedule was: intraperitoneal injections of LB100 given twice daily for 3 consecutive days. Radiation (3 or 5 Gy) was given on 2 consecutive days. (A and B) Xenograft tumor volumes of animals treated with the combination of LB100 and irradiation are significantly reduced compared with other groups (control group P = 0.028; LB100 group P = 0.0014; 5 Gy radiation group P = 0.0273). Data are presented as mean ± SEM. (C) Subcutaneously implanted tumors were surgically removed. Tumor sizes in the LB100 and irradiation combination groups are smaller.
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